Introduction
============

Nanoparticles (NPs) are widely used in industrial applications, ceramics, cosmetics, and biological medicine due to their specific optical, mechanical, and electrical properties. With the development of nanotechnology, public concerns about the biological effects of NPs on the environment and human health have been raised.[@b1-ijn-11-3331] Several studies have demonstrated that, on an equal mass basis, NPs are more toxic than larger sized particles.[@b2-ijn-11-3331]--[@b4-ijn-11-3331] Nickel oxide NPs (NiONPs), a representative type of metal oxide NP, are manufactured for various applications, such as ceramics, sensors, paint formulations, catalysts, and storage batteries.[@b5-ijn-11-3331],[@b6-ijn-11-3331] The increasing production and application of NiONPs has led to an increase in the environmental burden and a serious hazard to human health. However, the effects of NiONP exposure on human health remain largely unknown. Therefore, it is vital to assess their harmful effects.

Occupational exposure to NiONPs occurs in refining, electroplating, alloy production, and welding.[@b7-ijn-11-3331] Inhalation is the major route of NiONP exposure.[@b8-ijn-11-3331] Inhaled NiONPs are encountered by alveolar macrophages (AMs) and epithelial cells in the lungs. AMs phagocytize and clear particles through the mucociliary escalator and/or lymphatic systems. Inhalation of NiONPs has been associated with pulmonary inflammation, granulomas, and interstitial fibrosis.[@b3-ijn-11-3331],[@b9-ijn-11-3331] Accumulating evidence indicates that NiONP exposure can lead to neutrophil, eosinophil, and macrophage accumulation, followed by activation of cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6.[@b10-ijn-11-3331] Inflammatory cells and cytokines play vital roles during the early inflammatory response and in lung injury induced by NiONPs. Consistent with these results, Capasso et al[@b11-ijn-11-3331] have shown that NiONPs are able to elicit the pro-inflammatory response through activation of nuclear factor (NF)-κB in lung epithelial cells. Although the pro-inflammatory response to NiONPs has been studied, the underlying molecular mechanism remains unknown.

Recent studies have revealed the key roles of inflammasomes in inflammation, innate immunity, and tissue remodeling.[@b12-ijn-11-3331] Among the several types of inflammasomes, the NLRP3 (nucleotide oligomerization domain-like receptor family, pyrin domain containing 3) inflammasome is involved in sensing endogenous danger signals and orchestrating inflammatory responses and cell stress, and it is also associated with various inflammatory diseases, such as acute lung injury, silicosis, diabetes, and obesity.[@b13-ijn-11-3331],[@b14-ijn-11-3331] Recently, numerous studies have indicated that the NLRP3 inflammasome is triggered by environmental fibers and NPs, including silica, carbon nanotubes (CNTs), titanium oxide NPs, cerium oxide NPs, and silver NPs.[@b15-ijn-11-3331],[@b16-ijn-11-3331] In addition, recent studies have shown that NPs with various physicochemical properties activate the NLRP3 inflammasome, suggesting the important role of this inflammasome in mediating the host defense system against NP exposure. Activation of the NLRP3 inflammasome in macrophages, in addition to IL-1β signaling, has been shown to be necessary for CNT-induced inflammation.[@b17-ijn-11-3331],[@b18-ijn-11-3331] Moreover, Nlrp3-deficient mice have been shown to exhibit reduced pulmonary inflammation and inflammatory cytokine production following exposure to asbestos compared with wild-type mice.[@b19-ijn-11-3331] Ni^2+^ contamination of multi-walled CNTs is related to particle bioactivity and is correlated with NLRP3 inflammasome activation.[@b20-ijn-11-3331] However, whether NLRP3 inflammasome activation participates in NiONP-induced IL-1β release and pulmonary inflammation is unclear. Furthermore, the mechanisms of the NP-mediated activation of the NLRP3 inflammasome remain elusive.

In the present study, we aimed to investigate whether NLRP3 inflammasome activation is involved in NiONP-induced pulmonary inflammation. We evaluated pulmonary inflammation at different time points after NiONP exposure in rats and assessed cytotoxicity and NLRP3 inflammasome activation following exposure to different concentrations of NiONPs in RAW264.7 cells. We found that NiONP exposure resulted in sustained pulmonary inflammation and NLRP3 inflammasome activation in vivo and in vitro. Our results provide insights into NiONP-mediated pulmonary toxicity and offer new strategies to combat pulmonary toxicity induced by NiONPs.

Materials and methods
=====================

NiONP suspensions
-----------------

Nickel oxide nanopowder (particle size: \<50 nm, 99.8% purity) was obtained from Sigma-Aldrich Co. (St Louis, MO, USA). NiONPs were sterilized by heating at 200°C for 2 hours before suspension. The sterilized NiONPs were diluted in Dulbecco's Modified Eagle's Medium (DMEM) or saline and sonicated without any dispersant using a probe sonicator (130 W; Sonics & Materials Inc., Newton, MA, USA) on ice for 1 hour. The suspension concentration was adjusted to 2.0 mg/mL, and the suspension was stored at 4°C.

Dispersion and characterization
-------------------------------

The methods used have been described in our earlier study.[@b21-ijn-11-3331] Briefly, the primary particle sizes of the NPs were measured by high-resolution transmission electron microscopy (Carl Zeiss Meditec AG, Jena, Germany) using an accelerating voltage of 200 kV. The hydrodynamic diameter and zeta potential were measured in three different media. The stock suspensions of NiONPs were resonicated for 10 minutes and diluted with DMEM to 19 µg/mL (equal to 4 µg/cm^2^ in six-well plates). The hydrodynamic diameter and polydispersity index were analyzed using a Zeta PALS + BI-90 Plus (Brookhaven Instruments Corp., New York, NY, USA), and zeta potential was measured using a Zetasizer Nano-ZS 900 (Malvern Instruments, Malvern, UK).

In vitro experiments
--------------------

### Cell culture and treatments

A murine macrophage cell line, RAW264.7, was purchased from the cell bank of the Institute of Biochemistry and Cell Biology (Shanghai, People's Republic of China). The cells were grown in DMEM (SH30022.01B; HyClone Laboratories, Inc., Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone) and 1% v/v penicillin/streptomycin (Sigma-Aldrich Co.). The cells were cultured in a 5% CO~2~ humidified incubator at 37°C and seeded at a density of 1.0×10^6^ cells/well in six-well plates. When the cells reached 80% confluence, they were washed with pre-warmed phosphate-buffered serum (PBS), the medium was changed to serum-free Opti-MEM (Thermo Fisher Scientific, Waltham, MA, USA), and they were primed with 200 ng/mL ultrapure lipopolysaccharides (LPS; Sigma-Aldrich Co.) for 3 hours. Next, the cells were treated with NiONP suspensions at different concentrations (0 µg/cm^2^, 1 µg/cm^2^, 2 µg/cm^2^, and 4 µg/cm^2^) for 12 hours. The stock suspensions were resonicated for 10 minutes and diluted to appropriate concentrations before the cell treatments. The cells were preincubated with a caspase-1 inhibitor (z-yvad-fmk, 20 µM; BioVision, San Francisco, CA, USA), phagocytosis inhibitor (cytochalasin D, 5 µM; Sigma-Aldrich Co.), and reactive oxygen species (ROS) scavenger (*N*-acetylcysteine \[NAC\], 5 mM; Sigma-Aldrich Co.) for 1 hour before NiONP stimulation.

### Detection of intracellular ionic Ni

The detection of intracellular mobilized ionic Ni was performed as described in our earlier study.[@b21-ijn-11-3331] Briefly, the treated cells were washed with 1 mM ethylenediaminetetraacetic acid/Hank's balanced salt solution (HBSS) to chelate the extracellular ionic Ni, and they were then incubated with 7 µM Newport Green 2,7-dichlorofluorescein diacetate (DCF-DA; Thermo Fisher Scientific)/Pluronic F127 (Thermo Fisher Scientific) in 5% FBS/HBSS at 37°C for 30 minutes. After recovery in 5% FBS/HBSS for 30 minutes, Newport Green fluorescence was visualized under a Leica confocal laser scanning microscope (Leica TCS SP2, Wetzlar, Germany).

### Cytotoxicity assay

Cell viability was assessed using a Cell Counting Kit-8 (Dojindo Molecular Technologies, Kunamoto, Japan) according to the manufacturer's instructions. After the treatments, 90 µL fresh medium and 10 µL Cell Counting Kit-8 reagent were added to each well and incubated at 37°C for 2 hours. After centrifugation, 80 µL cell medium was transferred to a new 96-well plate and absorbance was measured at 450 nm using an Infinite™ M200 Microplate Reader (Tecan, Mannedorf, Switzerland) to minimize the interference caused by the NiONPs. The results are expressed as percentages of the control value.

### NLRP3 siRNA transfection

RAW264.7 cells were cultured to 50%--60% confluence in DMEM without penicillin/streptomycin. The cells were then transfected with 100 nmol/L Nlrp3 siRNA (sc-45470; Santa Cruz Biotechnology Inc., Dallas, TX, USA) or control nonspecific siRNA (sc-37007; Santa Cruz Biotechnology Inc.) using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's instructions. After transfection for 24 hours, the cells were exposed to 2 µg/cm^2^ for 12 hours.

### Intracellular ROS detection

The intracellular ROS were detected by measuring the oxidation of DCF-DA (Beyotime Company, Haimen, People's Republic of China). After treatment, the cells were incubated with DCF-DA at 37°C for 30 minutes. Subsequently, the fluorescence was measured at 488 nm for excitation and 525 nm for emission using an Infinite™ M200 Microplate reader.

In vivo experiments
-------------------

### Animals

Adult male Sprague Dawley (SD) rats (8 weeks old) were obtained from the Experimental Animal Centre of the Third Military Medical University (Chongqing, People's Republic of China). The rats were housed under standard conditions (temperature, 22°C±2°C; relative humidity, 60%--65%) and a 12-hour light/dark cycle (lights on at 7 am), and they were allowed ad libitum access to rodent chow and water during the experiment. All procedures and animal handling methods were approved by the Local Animal Use Committee and were performed according to the Guidelines on the Handling and Training of Laboratory Animals of the Third Military Medical University.

### Intratracheal instillation

The NiONP suspension was sonicated for 30 minutes on ice to ensure for particle dispersion and mixed with 0.4 mL saline, and 800 µg (3.3 mg/kg) nickel oxide was intratracheally instilled once to the male SD rats. The NiONP dose was selected according to an earlier study and was equivalent to \~0.2 µg/cm^2^ epithelium, considering a total alveolar surface area of the rat lung of 4,000 cm^2^.[@b9-ijn-11-3331],[@b22-ijn-11-3331] The negative control groups received 0.4 mL saline.

### Bronchoalveolar lavage fluid and cell counts

The animals were sacrificed under anesthetization by intraperitoneal injection of pentobarbital at 3 days, 7 days, and 28 days after receiving the NiONP treatment. Bronchoalveolar lavage fluid (BALF) was collected by introducing ice-cold physiological saline (15 mL for each rat) through a cannula into the right lung. After centrifuging the BALF (600× *g*, 5 minutes), the cells were re-suspended in PBS, and the supernatant was frozen at −80°C until further analysis.

The total cell counts in the BALF were determined using a TC10 Automated Cell Counter (Bio-Rad Laboratories Inc., Hercules, CA, USA). For differential cell counts, the samples were prepared by cytospin (Shandon Southern Products Ltd., Cheshire, UK) at 50× *g* for 5 minutes and stained with Diff-Quik (Nanjing Jiancheng, Nanjing, People's Republic of China). A total of 300 cells were counted to determine the numbers of macrophages, eosinophils, and neutrophils according to their morphological characteristics.

### BALF analysis

The amounts of alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) released in the BALF were determined by Alkaline Phosphatase Assay Kit (Nanjing Jiancheng) and LDH Cytotoxicity Assay Kit (Hoffman-La Roche Ltd., Basel, Switzerland) according to the manufacturers' instructions.

### AM isolation and culture

AMs were isolated by differential adherence. After lavage, the obtained BALF cells were collected by centrifugation at 600× *g* for 5 minutes at 4°C and washed once with PBS. The washed cells were suspended at a concentration of 3--5×10^5^ cells/mL in RPMI-1640 medium supplemented with 10% FBS and 1% v/v penicillin/streptomycin. After incubation for 2 hours, nonadherent cells were washed off with PBS, and then attached cells were stained with Wright's staining, revealing that \>95% were AMs. AMs were prepared for RNA extraction.

### Myeloperoxidase activity

The lung tissue was homogenized on ice in five volumes of PBS and centrifuged at 15,000× *g* at 4°C for 10 minutes. Myeloperoxidase (MPO) activity in the lung tissues was measured using a MPO Assay Kit (Nanjing Jiancheng) following the manufacturer's instructions. The MPO activity results are expressed as unit per gram of lung tissue weight (U/g).

### Caspase-1 activity assay

Caspase-1 activity was measured using a commercially available kit (Applygen Technologies Inc., Beijing, People's Republic of China) following the manufacturer's instructions.

### Cytokine assays

The release of cytokines into the cell culture supernatants and BALF were detected by enzyme-linked immunosorbent assay (ELISA). The IL-1β, TNF-α, and IL-18 levels were detected using a mouse IL-1β ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA), rat IL-1β ELISA Kit (Boster, Wuhan, People's Republic of China), rat IL-18 ELISA Kit (Boster), and mouse TNF-α ELISA Kit (BioLegend, San Diego, CA, USA), following the manufacturer's instructions.

### RNA extraction and quantification

Total RNA was extracted from the cultured cells and lung tissues after NiONP exposure using Trizol reagent (TaKaRa, Shiga, Japan), according to the manufacturer's instructions. cDNA was then obtained using a Reverse Transcription Kit (TaKaRa). Real-time polymerase chain reaction (PCR) was performed using a CFX96 Real-Time System (Bio-Rad Laboratories Inc.) with SYBR Green PCR Master Mix (TaKaRa). The specific primers used are as follows: mouse Nlrp3: forward, 5′-GACACGAGTCCTGGTGACTTT-3′ and reverse, 5′-GGGCTTAGGTCCACACAGAA-3′; mouse IL-1β: forward, 5′-TGGTGTGTGACGTTCCCATTA-3′ and reverse, 5′-CAGCACGAGGCTTTTTTGTTG-3′; mouse TNF-α: forward, 5′-GGCAGGTCTACTTTGGAGTCATTG-3′ and reverse, 5′-ACATTCGAGGCTCCAGTGAATTCGG-3′; mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH): forward, 5′-TGGCCTCCAAGGAGTAAGAAAC-3′ and reverse, 5′-AGTTGGGATAGGGCCTCTCTTG-3′; rat IL-1β: forward, 5′-GCACAGTTCCCCAACTGGTA-3′ and reverse, 5′-TGTCCCGACCATTGCTGTTT-3′; rat IL-18: forward, 5′-ACCGCAGTAATACGGAGCAT-3′ and reverse, 5′-TCTGGGATTCGTTGGCTGTT-3′; and rat GAPDH: forward, 5′-TGCCACTCAGAAGACTGTGGATG-3′ and reverse, 5′-GCCTGCTTCACCACCTTCTTGAT-3′. Relative mRNA expression was calculated using the 2^−ΔΔCT^ method and normalized to endogenous GAPDH.

### Western blot analysis

RAW264.7 cells and lung tissues were homogenized in lysis buffer (Beyotime Company) containing a cocktail of protease inhibitors (Hoffman-La Roche Ltd.) and centrifuged at 15,000× *g* for 25 minutes. Supernatants were collected, and protein concentrations were quantified using a bicinchoninic acid (BCA) Protein Assay Kit (Beyotime Company). Cell culture supernatants were concentrated with Amicon Ultra Centrifugal Filters (EMD Millipore, Billerica, MA, USA). Proteins (100 µg/sample) were mixed with sample buffer and boiled for 5 minutes at 97°C, separated by 8%--12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a polyvinylidene fluoride membrane (EMD Millipore), and blocked in 5% nonfat powdered milk in Tris-buffered saline with Tween 20 (TBST) for 1 hour. The membranes were then incubated with Nlrp3 (1:200; Santa Cruz Biotechnology Inc.), IL-1β (1:1,000; Abcam, Cambridge, UK), caspase-1 (1:200; BioVision), MPO (1:100; Santa Cruz Biotechnology Inc.), or β-actin (1:1,000; Sigma-Aldrich Co.) overnight at 4°C. After the membranes were subjected to three 5-minute washes in Tris-buffered saline containing 0.1% Tween-20, they were incubated with the appropriate secondary antibodies conjugated with horseradish peroxidase (1:2,000; Abcam) for 1 hour at room temperature. Protein bands were visualized and analyzed using a Western blotting detection system according to the manufacturer's instructions (Bio-Rad Laboratories Inc.).

### Histopathology and immunohistochemistry

The left lungs were fixed by in situ perfusion of the airway with 4% paraformaldehyde (Sigma-Aldrich Co.) at 25 cm H~2~O pressure. The fixed lung tissues were embedded in paraffin, cut into 5 µm sections, and stained with hematoxylin and eosin for histological analysis. For immunohistochemistry, the sections were deparaffinized in xylene, rehydrated in graded ethanol, and then immersed into citrate buffer (pH 6.0) for 10 minutes at 96°C for antigen retrieval. Endogenous peroxidase was eliminated by incubation with 3% H~2~O~2~ for 15 minutes, and then the slices were blocked with 1% bovine serum albumin for 30 minutes. Next, the slices were incubated with Nlrp3 (1:100 dilution; Santa Cruz Biotechnology Inc.) at 4°C overnight. After three washes with PBS, the slices were incubated with a biotin-conjugated secondary antibody for 30 minutes at room temperature, and signals were visualized using a diaminobenzidine (DAB) Peroxidase Substrate Kit.

Statistical analysis
--------------------

Data are expressed as mean ± standard error of the mean of at least three independent experiments. One-way ANOVA followed by Bonferroni's multiple comparisons post hoc test or Student's *t*-test was used to compare the different treatment groups. Graphics and analyses were performed using PRISM 5.0 (GraphPad Software, Inc., La Jolla, CA, USA), and a *P*\<0.05 was considered statistically significant.

Results
=======

NiONP characterization
----------------------

Transmission electron microscopy analysis showed that the size of the primary NiONPs was 18.6±5.5 nm, and that most of the particles were crystalline spheres with polyhedral morphologies that tended to aggregate/agglomerate in aqueous solution ([Figure 1](#f1-ijn-11-3331){ref-type="fig"}). The hydrodynamic diameters of NiONPs in DMEM with 10% FBS, DMEM, and saline, as determined by DLS, were 313.2±12.6 nm, 302.6±10.3 nm, and 327.3±19.4 nm, respectively. The zeta potentials of NiONPs in these three types of liquid media were −10.2±0.6 mV, −10.3±0.3 mV, and −1.9±0.2 mV, respectively ([Table 1](#t1-ijn-11-3331){ref-type="table"}).

Intratracheal instillation of NiONPs induces pulmonary inflammation
-------------------------------------------------------------------

To investigate the effect of instillation of NiONPs on the inflammatory response, we first analyzed the BALF. The total cell and neutrophil counts were significantly increased from 3 days to 28 days in the NiONP-instilled groups ([Figure 2A and B](#f2-ijn-11-3331){ref-type="fig"}). The total number of AMs in the BALF was increased, but the proportion was decreased in the NiONP-exposed groups from 3 days to 28 days compared with the vehicle control group ([Figure 2C](#f2-ijn-11-3331){ref-type="fig"}). NiONP exposure induced ALP release compared with the vehicle control group from 3 days to 28 days, as shown in [Figure 2D](#f2-ijn-11-3331){ref-type="fig"}. The level of LDH, a marker of lung cell injury, in the BALF, and the amount of total protein, a marker of airway microvascular permeability, were significantly elevated at 3 days after NiONP exposure and remained elevated to 28 days ([Figure 2E and F](#f2-ijn-11-3331){ref-type="fig"}). MPO, a marker of neutrophil infiltration, was significantly increased after NiONP instillation compared with the vehicle control group during the observational period ([Figure 2G and H](#f2-ijn-11-3331){ref-type="fig"}). Concordantly, the MPO activity in the lung tissues was also significantly increased after NiONP instillation ([Figure 2I](#f2-ijn-11-3331){ref-type="fig"}). Histopathological analysis of the lung tissues showed that exposure to NiONP resulted in persistent and progressive pulmonary inflammatory responses. Neutrophil infiltration and AMs were observed in the alveolar spaces and peribronchial and perivascular regions in the NiONP-instilled group. Cell debris and alveolar wall thickening were observed at 7 days up to the end of the observational period. Foamy macrophages and alveolar proteinosis were discovered at 28 days after instillation ([Figure 2J](#f2-ijn-11-3331){ref-type="fig"}). Overall, these findings indicate that intratracheal instillation of NiONPs induces persistent pulmonary inflammation.

NiONPs activate NLRP3 inflammasome and induce inflammatory cytokines secretion in rat lungs
-------------------------------------------------------------------------------------------

The NLRP3 inflammasome has been confirmed to play key roles in the development of several chronic pulmonary diseases and in acute lung injuries. Thus, the effects of NiONP exposure on NLRP3 inflammasome activation and cytokine secretion were investigated. The levels of pro-inflammatory cytokines were measured in BALF supernatants, and IL-1β and IL-18 were found to be significantly increased at 3 days after exposure to NiONP and to remain elevated up to 28 days ([Figure 3A and B](#f3-ijn-11-3331){ref-type="fig"}). Moreover, the IL-1β mRNA level in the AMs, isolated from the NiONP exposed rats, was increased from 3 days to 28 days ([Figure 3C](#f3-ijn-11-3331){ref-type="fig"}). The IL-18 mRNA level was increased at 3 days after NiONP exposure, but returned to the control level at 7 days, and it increased again at 28 days ([Figure 3D](#f3-ijn-11-3331){ref-type="fig"}). Western blot analysis of the lung tissues revealed that the Nlrp3, pro-caspase-1 (p45), caspase-1 (p20), and IL-1β protein levels were increased in the NiONP exposed groups from 3 days to 28 days compared with the vehicle control group ([Figure 3E--I](#f3-ijn-11-3331){ref-type="fig"}). In addition, immunohistochemistry staining showed that Nlrp3 was present in AMs in the control group tissues. The Nlrp3 level was significantly increased in the NiONP-instilled group, which demonstrated further increases at all observed time points. Interestingly, the expression of NLRP3 was not only strongly positive in AMs but also seen in bronchial epithelial cells and alveolar type II cells after NiONP exposure ([Figure 3J](#f3-ijn-11-3331){ref-type="fig"}). Overall, these findings indicate that NLRP3 inflammasome is involved in NiONP-induced pulmonary inflammation and injury in vivo.

NiONPs induce cytotoxicity and cytokines secretion in RAW264.7 cells
--------------------------------------------------------------------

In our earlier study, we have demonstrated that NiONPs enter into human bronchial epithelial cells and release Ni^2+^ inside of these cells.[@b21-ijn-11-3331] In the current study, to evaluate NiONP-induced cellular Ni^2+^ accumulation in RAW264.7 cells, cells were stained with Newport Green, a specific Ni^2+^ probe. As shown in [Figure 4A](#f4-ijn-11-3331){ref-type="fig"}, the cells exposed to NiONPs demonstrated a green fluorescence signal, the intensity of which increased in a dose-dependent manner. To evaluate the cytotoxicity of NiONPs, we first exposed RAW264.7 cells to various doses of NiONPs (0 µg/cm^2^, 1 µg/cm^2^, 2 µg/cm^2^, and 4 µg/cm^2^) for 12 hours or to 2 µg/cm^2^ of NiONPs for different time periods (0 hours, 6 hours, 12 hours, and 24 hours). We found that NiONPs inhibited cell viability in a dose- and time-dependent manner ([Figure 4B and C](#f4-ijn-11-3331){ref-type="fig"}). To investigate the inflammatory potential of NiONPs, we examined cytokine release in the cell culture supernatants. The treatment of LPS-primed macrophages resulted in a dose- and time-dependent increase in IL-1β release ([Figure 4D and E](#f4-ijn-11-3331){ref-type="fig"}). Notably, NiONP exposure did not increase TNF-α release in the primed or unprimed mouse macrophages ([Figure 4F and G](#f4-ijn-11-3331){ref-type="fig"}). Furthermore, the treatment of mouse macrophages with NiONPs did not alter the IL-1β or TNF-α mRNA level ([Figure 4H and I](#f4-ijn-11-3331){ref-type="fig"}), suggesting that NiONP-induced IL-1β maturation and release is independent of its transcription.

NiONP-induced cytokine secretion is dependent on caspase-1 activation in RAW264.7 cells
---------------------------------------------------------------------------------------

To confirm that NiONPs stimulate caspase-1 activation, RAW264.7 cells were exposed to different doses of NiONPs for 12 hours. Western blot analysis showed that the pro-caspase-1 and pro-IL-1β protein levels did not change following the NiONP treatment compared with those in the primed and unprimed groups ([Figure 5A and B](#f5-ijn-11-3331){ref-type="fig"}). However, the NiONP treatment increased the expression of the active form of caspase-1 (p20) as well as the release of mature IL-1β in the cell culture supernatants ([Figure 5A and C](#f5-ijn-11-3331){ref-type="fig"}). Moreover, caspase-1 activity in the cell lysates was increased by the NiONP treatment ([Figure 5D](#f5-ijn-11-3331){ref-type="fig"}). The secreted IL-1β in the culture supernatants was measured by ELISA and was found to be significantly increased in a dose-dependent manner after NiONP stimulation ([Figure 5E](#f5-ijn-11-3331){ref-type="fig"}). To further explore the role of caspase-1 activation in NiONP-induced IL-1β secretion, we evaluated caspase-1 activity and IL-1β secretion in the presence of a specific caspase-1 inhibitor z-yvad-fmk. We observed that this caspase-1 inhibitor strongly reduced the NiONP-mediated increases in the p20 subunit level, caspase-1 activity, and IL-1β secretion ([Figure 5F--K](#f5-ijn-11-3331){ref-type="fig"}). Thus, these results demonstrated that the NiONP-mediated IL-1β release was dependent on caspase-1 activation.

NiONP-induced IL-1β release is dependent on Nlrp3/caspase-1 activation
----------------------------------------------------------------------

To ascertain whether the NLRP3 inflammasome is involved in NiONP-induced IL-1β secretion, the Nlrp3 expression was downregulated in LPS-primed macrophages using siRNA ([Figure 6A--C](#f6-ijn-11-3331){ref-type="fig"}). Expression of the active form of caspase-1 (p20) and the release of mature IL-1β induced by NiONPs were completely abolished by Nlrp3 siRNA ([Figure 6D and E](#f6-ijn-11-3331){ref-type="fig"}). Similarly, Nlrp3 knockdown decreased caspase-1 activity in the cell lysates and the IL-1β level in culture supernatants treated with NiONPs ([Figure 6F and G](#f6-ijn-11-3331){ref-type="fig"}). These data suggested that the NiONP-mediated increase in IL-1β release was dependent on Nlrp3/caspase-1 activation.

NiONP-induced IL-1β release and caspase-1 activation require phagocytosis and ROS production
--------------------------------------------------------------------------------------------

Phagocytosis plays a crucial role in initiating macrophage-derived inflammatory responses.[@b23-ijn-11-3331] To assess whether the phagocytosis is required in NiONP-induced NLRP3 inflammasome activation, NiONP uptake was blocked in macrophages by pretreatment with cytochalasin D ([Figure 7A](#f7-ijn-11-3331){ref-type="fig"}). Interestingly, disruption of actin-mediated phagocytosis completely suppressed the IL-1β production, caspase-1 (p20) expression, and caspase-1 activity induced by NiONPs ([Figure 7B--D](#f7-ijn-11-3331){ref-type="fig"}). It is well known that the stimulation of macrophages with NPs induces ROS production.[@b24-ijn-11-3331],[@b25-ijn-11-3331] Consistent with earlier studies, we found that NiONPs induce a dose-dependent ROS production ([Figure 7E](#f7-ijn-11-3331){ref-type="fig"}). Phagocytosis of particles or fibers has been shown to activate the NLRP3 inflammasome via ROS production.[@b26-ijn-11-3331] To examine whether ROS are involved in the NiONP-induced IL-1β production, we stimulated RAW264.7 cells with NiONPs in the presence of a broad ROS scavenger, NAC. Our experimental data showed that NAC significantly decreased the extent of ROS production ([Figure 7F](#f7-ijn-11-3331){ref-type="fig"}). Notably, the presence of NAC significantly suppressed the IL-1β secretion, caspase-1 (p20) expression, as well as caspase-1 activity induced by NiONPs ([Figure 7G and H](#f7-ijn-11-3331){ref-type="fig"}). These data suggested that ROS production contributes to NiONP-induced NLRP3 inflammasome activation. Overall, the results indicated that NiONP-induced NLRP3 inflammasome activation coincidently requires phagocytosis and ROS production.

Discussion
==========

NiONPs are widely used NPs, and concerns about their health effects have been raised. However, the underlying cellular and molecular mechanisms still remain unclear. The current study is the first to confirm that NiONP exposure induces pulmonary inflammation by activating the NLRP3 inflammasome in vivo and in vitro. We demonstrated that NiONP exposure induced pulmonary inflammation and injury, which was accompanied by inflammatory cell infiltration and cytokine secretion. We also showed that an elevation in Nlrp3 expression resulted in increased caspase-1 activity, promoting IL-1β and IL-18 secretion in NiONP-induced pulmonary inflammation. Moreover, we determined that Nlrp3 knockdown decreased the NiONP-mediated increases in caspase-1 activity and mature IL-1β secretion. Furthermore, we revealed that NiONP-induced IL-1β release and caspase-1 activation were mediated by phagocytosis and ROS production.

NPs, including metal catalysts such as Ni^2+^, are being increasingly used for industrial applications. NPs tend to aggregate/agglomerate in aqueous solutions. The hydrodynamic diameters of the NiONP aggregates/agglomerates mainly range from 300 nm to 400 nm, in accordance with our earlier study.[@b21-ijn-11-3331] Agglomeration was likely due to particle concentration, ionic strength, pH, and media composition.[@b27-ijn-11-3331] Occupational exposure to Ni^2+^ NPs could cause inflammation and injury to multiple organs and tissues.[@b28-ijn-11-3331] Inhalation is the major exposure route of Ni^2+^ NPs; AMs and airway epithelial cells are the most important target cells.[@b10-ijn-11-3331],[@b29-ijn-11-3331] Agglomerates of NiONPs have been shown to induce persistent inflammatory effects and the increased expression of cytokines, such as IL-1β and monocyte chemotactic protein-1.[@b30-ijn-11-3331] In this study, intratracheal instillation of NiONPs resulted in persistent pulmonary inflammation, which was accompanied by neutrophil, eosinophil, and macrophage infiltration and cytokine secretion. Interestingly, we found that the total number of macrophages in the BALF was increased, while the proportion of macrophages in the total cells was downregulated after NiONP exposure. These results indicated that NiONP-induced inflammatory infiltration was mainly mediated by neutrophils. The increased inflammatory cell influx is considered to be a physiological response to clearly exogenous substances, including bacteria and particles. Studies have revealed that AMs engulf particles and regulate the immune response.[@b31-ijn-11-3331] In addition, cell debris and alveolar wall thickening were observed after NiONP exposure, and foamy macrophages and alveolar proteinosis were discovered at 28 days after instillation. Moreover, NiONP exposure increased ALP activity, which is associated with type II alveolar cell damage and stimulation.[@b32-ijn-11-3331] Interestingly, the change in various inflammatory response parameters such as the number of neutrophils and macrophages, ALP release, and LDH level are not linear. These observed changes may be related to the time course of different parameters and the dynamic nature of the cytokine network after NP exposure.[@b10-ijn-11-3331] However, some studies have shown that NiONP exposure induces only mild and reversible inflammation.[@b33-ijn-11-3331],[@b34-ijn-11-3331] Zhang et al[@b35-ijn-11-3331] found that NiO (20 µg suspended in 50 µL of PBS) exposure induced less neutrophil cell counts, monocyte chemotactic protein-1, and IL-6 levels in BALF compared with the same amount of CuO and Cr~2~O~3~ exposure in C57 BL/6 mice. We suppose that the discrepancy in these results may be due to the different properties and the ability to induce oxidative stress of NPs. In addition, the uses of different cell types, animal models, exposure doses, different dispersion statuses, and durations of exposure in experiments could also be possible explanations for these inconsistent results.[@b36-ijn-11-3331]

Inhalation of NPs induces a local response in the lungs that is initiated by AMs and airway epithelial cells.[@b37-ijn-11-3331] These cells recognize NPs as exogenous materials and trigger a chain reaction of inflammatory responses. Pro-inflammatory mediators play vital roles in the airways and lungs during the early inflammatory response. It has been demonstrated that instilled silica increases IL-1β release in BALF and neutralizes IL-1β attenuated silica-induced pulmonary inflammation and fibrosis.[@b38-ijn-11-3331] An earlier study has reported that the levels of pro-inflammatory cytokines, such as IL-1β and IFN-γ, are significantly increased in BALF following NiONP exposure.[@b39-ijn-11-3331] In the current study, we found that NiONP exposure significantly increased IL-1β protein expression in BALF and mRNA expression in AMs. Interestingly, our data showed that IL-18 mRNA level was increased at 3 days, but returned to the control level at 7 days, and it increased again at 28 days after NiONP exposure. We postulate that this result is related to the change of cell viability in AMs. Furthermore, NiONPs induced IL-1β secretion in a dose-and time-dependent manner in macrophages. These results indicate that NiONPs induce cytokine secretion in vivo and in vitro and that cytokines are involved in pulmonary inflammatory responses.

Recent studies have revealed that the NLRP3 inflammasome is central to the pathogenesis of a wide variety of chronic inflammatory diseases, including diabetes, gout, silica, chronic obstructive pulmonary disease, and asthma.[@b14-ijn-11-3331],[@b40-ijn-11-3331],[@b41-ijn-11-3331] This inflammasome consists of a complex of proteins that oligomerize and activate the caspase-1 cascade, which induces production of the active pro-inflammatory cytokines, IL-1β and IL-18, when triggered by various environmental, pathogenic, or endogenous danger signals. Full activation of the NLRP3 inflammasome generally requires a two-step mechanism. The first step is a priming step that is initiated by various pathogen- associated molecular patterns and damage-associated molecular patterns, which further leads to NF-κB activation and increased expression of pro-IL-1β, pro-IL-18, and the components of the inflammasome. The second step is the activation step, involving the assembly of the inflammasome complex, production of active caspase-1, and further processing of pro-IL-1β and pro-IL-18 to their mature forms.[@b12-ijn-11-3331],[@b42-ijn-11-3331] The specific mechanism of activation is not known, but NLRP3 inflammasome has been shown to contain an abundance of activators. CNTs,[@b43-ijn-11-3331] titanium oxide NPs,[@b44-ijn-11-3331] silver NPs, and silica[@b26-ijn-11-3331] have been demonstrated to be recognized by NLRP3 inflammasome, leading to secretion of the pro-inflammatory cytokine IL-1β in both in vitro and in vivo models. In this study, we found that Nlrp3, pro-caspase-1, and active caspase-1 (p20) expression was increased in the lung tissues after NiONP exposure, suggesting that NiONP exposure not only increases caspase-1 expression but also enhances caspase-1 activity. To further confirm this result, we exposed RAW264.7 cells to different doses of NiONPs for 12 hours in vitro. The cell model has been applied to investigate NP-induced pulmonary toxicity and inflammasome activation.[@b45-ijn-11-3331],[@b46-ijn-11-3331] This study has also shown that NiONPs induce active caspase-1 expression and IL-1β release in macrophages. Notably, knockdown of Nlrp3 completely abolishes caspase-1 activity and mature IL-1β release induced by NiONPs. Moreover, the caspase-1 inhibitor strongly decreased the NiONP-mediated increases in caspase-1 activity and IL-1β secretion. Overall, these data suggest that NiONP-induced pulmonary inflammation and cytokine secretion is dependent on NLRP3 inflammasome and caspase-1 activation.

However, the precise upstream mechanism of NLRP3 inflammasome activation is incompletely understood. Accumulating evidences indicate that NPs trigger an inflammation and toxicity following endocytosis into the target cells.[@b47-ijn-11-3331] Meunier et al[@b17-ijn-11-3331] showed that phagocytosis of fibrous particles is required as an initial step for inflammasome activation. The actin cytoskeleton plays a vital role in phagocytizing long materials or particles.[@b48-ijn-11-3331] In this study, we showed that disruption of actin-mediated phagocytosis by cytochalasin D completely inhibited NiONP uptake and suppressed the IL-1β production. These results indicate that NiONP-induced NLRP3 inflammasome activation depends upon uptake process. Earlier in vitro studies demonstrated that NiONP enhanced ROS production in human airway epithelial and breast cancer.[@b6-ijn-11-3331] Recent studies have suggested that ROS produced during phagocytosis play a crucial role in mediating NLRP3 inflammasome activation. In the current study, we found that preventing NiONP-induced ROS production through NAC appeared to successfully inhibit NLRP3 inflammasome activation and IL-1β maturation. This finding suggests that the accumulation of ROS induced by NiONP triggers assembly of NLRP3 inflammasome and inflammatory cytokine release. In addition, particle--membrane interaction, potassium flux, and lysosomal destabilization caused by various environmental signals or NPs seem to be essential intermediate steps in the activation of NLRP3 inflammasome.[@b49-ijn-11-3331]--[@b51-ijn-11-3331] Further study is necessary to identify whether these mechanisms are involved in NiONP-induced NLRP3 inflammasome activation.

Conclusion
==========

We propose an intriguing mechanism, whereby NiONPs induce pulmonary inflammation by activating the NLRP3 inflammasome and promoting the release of pro-inflammatory cytokines. NiONP exposure causes sustained pulmonary inflammation accompanied by inflammatory cell infiltration, alveolar proteinosis, and cytokine secretion. The pulmonary inflammation induced by NiONPs is dependent on Nlrp3--caspase-1 pathway activation. Furthermore, we also speculate that NiONP-induced IL-1β production coincidently requires phagocytosis and ROS production. Overall, these results may contribute to a better understanding of NiONP-mediated lung toxicity and offer new strategies to combat the pulmonary toxicity induced by NiONPs.
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![NiONP characterization.\
**Notes:** The primary sizes and morphologies of the NiONPs were characterized by high-resolution TEM, and a representative image is shown. Scale bar: 50 nm.\
**Abbreviations:** NiONP, nickel oxide nanoparticle; TEM, transmission electron microscopy.](ijn-11-3331Fig1){#f1-ijn-11-3331}

![Intratracheal instillation of NiONPs induces pulmonary inflammation in rats.\
**Notes:** (**A**) Total cell numbers; (**B**) neutrophil numbers; (**C**) macrophage numbers; and (**D**) ALP, (**E**) LDH, and (**F**) total protein concentrations in BALF were determined at 3 days, 7 days, and 28 days postexposure. (**G**, **H**) MPO, a marker of neutrophils, was measured by Western blotting. (**I**) MPO activity in lung tissues was measured using an MPO Assay Kit. (**J**) Lung histopathology at 3 days, 7 days, and 28 days after treatment with saline or NiONPs. Representative figures for four individuals from each group are shown. Scale bar sizes are indicated. The values are mean ± SEM (n=6). Significance vs vehicle control is indicated by \**P*\<0.05 and \*\**P*\<0.01. Black arrows indicate inflammatory foci.\
**Abbreviations:** ALP, alkaline phosphatase; BALF, bronchoalveolar lavage fluid; LDH, lactate dehydrogenase; MPO, myeloperoxidase; NiONP, nickel oxide nanoparticle; SEM, standard error of the mean.](ijn-11-3331Fig2){#f2-ijn-11-3331}

![NiONPs induce NLRP3 inflammasome activation and cytokine release in vivo.\
**Notes:** IL-1β (**A**) and IL-18 (**B**) were measured in BALF supernatants (n=4). After exposure, AMs were isolated and cultured, and the inflammatory responses were detected by real-time PCR (**C**, **D**). Nlrp3, pro-caspase-1 (p45), caspase-1 (p20), and IL-1β were detected by Western blotting (**E**), and the fold changes were quantified (**F**--**I**). Immunohistochemical analysis of NLRP3 expression in vehicle control vs NiONP-treated rats at 3 days, 7 days, and 28 days after exposure (**J**). The results are expressed as a percentage of the vehicle control group, which is set at 100%. The values are presented as mean ± SEM; \**P*\<0.05 and \*\**P*\<0.01 vs the vehicle control group.\
**Abbreviations:** AM, alveolar macrophage; BALF, bronchoalveolar lavage fluid; IL, interleukin; NiONP, nickel oxide nanoparticle; PCR, polymerase chain reaction; SEM, standard error of the mean.](ijn-11-3331Fig3){#f3-ijn-11-3331}

![NiONPs induce cytotoxicity and cytokine secretion in RAW264.7 cells.\
**Notes:** (**A**) Newport Green fluorescence indicating intracellular ionic nickel after 12 hours of exposure to NiONPs. (**B**, **C**) Cell viabilities were determined using a CCK-8 Proliferation Assay Kit. (**D**--**G**) IL-1β and TNF-α release into the culture supernatants of untreated or LPS-primed mouse macrophages stimulated with NiONPs. (**H**, **I**) IL-1β and TNF-α mRNA levels in untreated or LPS-primed mouse macrophages stimulated with NiONPs. Data are representative of at least three independent experiments and are expressed as a percentage of the control, which was set at 100%. The values are mean ± SEM; \**P*\<0.05 vs the control group, \*\**P*\<0.01 vs the control group, and ^\#^*P*\<0.05 in comparison with the respective unprimed mouse macrophages.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; IL, interleukin; LPS, lipopolysaccharides; NiONP, nickel oxide nanoparticle; SEM, standard error of the mean; TNF-α, tumor necrosis factor-α.](ijn-11-3331Fig4){#f4-ijn-11-3331}

![NiONPs induce caspase-1-dependent cytokine secretion in RAW264.7 cells.\
**Notes:** (**A**--**C**) The pro-caspase-1 and pro-IL-1β levels in cell lysates (input) and processed caspase-1 and IL-1β levels in culture SNs after treatment with different doses (0 µg/cm^2^, 1 µg/cm^2^, 2 µg/cm^2^, and 4 µg/cm^2^) of NiONPs were analyzed by Western blotting. (**D**) Caspase-1 activity in RAW264.7 cells. (**E**) Detection of IL-1β expression in the SN by ELISA. \**P*\<0.05 vs the control group, and ^\#^*P*\<0.05 in comparison with the respective unprimed macrophages. (**F**--**I**) The pro-caspase-1, pro-IL-1β, and processed caspase-1 and IL-1β expression levels, (**J**) caspase-1 activity, and (**K**) IL-1β release in mouse macrophages stimulated (or not) with NiONPs in the presence (or not) of z-yvad-fmk. Data are presented as mean ± SEM from three independent experiments. \**P*\<0.05, \*\**P*\<0.01 vs the control group, and ^\#^*P*\<0.05 in comparison with the respective unprimed macrophages.\
**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; IL, interleukin; LPS, lipopolysaccharides; NiONP, nickel oxide nanoparticle; SEM, standard error of the mean; SNs, supernatants.](ijn-11-3331Fig5){#f5-ijn-11-3331}

![Nlrp3 siRNA blocks NLRP3 inflammasome activation and IL-1β release induced by NiONPs.\
**Notes:** (**A**--**C**) Nlrp3 mRNA and protein expression in LPS-primed macrophages transfected with either control siRNA or Nlrp3 siRNA and stimulated (or not) with NiONPs. (**D**, **E**) The processed caspase-1 and IL-1β levels in culture SN and (**F**) caspase-1 activity were determined. (**G**) IL-1β release in culture SN of LPS-primed macrophages transfected with either control siRNA or Nlrp3 siRNA stimulated (or not) with NiONPs. \**P*\<0.05 compared with the control siRNA group, and ^\#^*P*\<0.05 compared with the NiONP group.\
**Abbreviations:** IL, interleukin; LPS, lipopolysaccharides; NiONP, nickel oxide nanoparticle; SN, supernatant.](ijn-11-3331Fig6){#f6-ijn-11-3331}

![NiONP-induced NLRP3 inflammasome activation requires phagocytosis and ROS production.\
**Notes:** (**A**) Newport Green fluorescence indicating intracellular ionic nickel after 12 hours of exposure to NiONPs. (**B**) The pro-caspase-1, pro-IL-1β, and processed caspase-1 and IL-1β expression levels, (**C**, **G**) caspase-1 activity, (**D**, **H**) IL-1β release, and (**E**, **F**) ROS production in macrophages stimulated (or not) with NiONPs in the presence (or not) of cytochalasin D or NAC. Data are presented as mean ± SEM from three independent experiments and are expressed as a percentage of the control, which was set at 100%. \*\**P*\<0.01, \**P*\<0.05 compared with the control group, and ^\#^*P*\<0.05 compared with the NiONP group.\
**Abbreviations:** IL, interleukin; NAC, N-acetylcysteine; NiONP, nickel oxide nanoparticle; ROS, reactive oxygen species; SEM, standard error of the mean; SN, supernatant.](ijn-11-3331Fig7){#f7-ijn-11-3331}

###### 

Hydrodynamic diameters and zeta potentials of NiONPs in different media

  Dispersant       Hydrodynamic diameter (nm)   Polydispersity index   Zeta potential (mV)
  ---------------- ---------------------------- ---------------------- ---------------------
  DMEM (10% FBS)   313.2±12.6                   0.28±0.01              −10.2±0.6
  DMEM             302.6±10.3                   0.26±0.02              −10.3±0.3
  Saline           327.3±19.4                   0.21±0.01              −1.9±0.2

**Notes:** The hydrodynamic diameter and zeta potential were determined for dispersions containing 19 µg/mL NiONPs (equal to 4 µg/cm^2^ in a six-well plate) in the indicated media. Data are expressed as mean ± SEM (n=3).

**Abbreviations:** DMEM, Dulbecco's Modified Eagle's Medium; FBS, fetal bovine serum; NiONP, nickel oxide nanoparticle; SEM, standard error of the mean.
